The focus of this contribution is a comparative investigation of enantioseparations of 19 N α -Fmoc proteinogenic amino acids on Quinine-based zwitterionic and anion-exchanger type chiral stationary phases employing hydro-organic and polar-ionic liquid and subcritical fluid chromatographic conditions. Effects of mobile phase composition (including additives, e.g., water, basis and acids) and nature of chiral selectors on the chromatographic performances were studied at different chromatographic modes. Thermodynamic parameters of the temperature dependent enantioseparation results were calculated in the temperature range 5-50 • C applying plots of lnα versus 1/T. The differences in standard enthalpy and standard entropy for a given pair of enantiomers were calculated and served as a basis for comparisons. Elution sequence in all cases was determined, where a general rule could be observed, both in liquid and subcritical fluid chromatographic mode the D-enantiomers eluted before the L ones. In both modes, the principles of ion exchange chromatography apply.
Introduction
The stereochemical (chiral) purity of biologically active compounds became a strongly emerging issue in the last decades, which eventually impacted the synthetic concepts of drugs and intermediates but also the related analytics. The determination of the enantiomeric excess (e.e.) and stereochemical purity became essential in all aspects in pharmaceutical industry and in life sciences. Stereoisomeric impurities may have unwanted toxicological, pharmacological, or other side-effects, therefore their
where R is the gas constant, T is temperature in Kelvin and α is the selectivity factor. If a linear van't Hoff plot is obtained, a plot of R ln α versus 1/T has a slope of −∆(∆H • ) and an intercept of ∆(∆S • ). In the present paper, the achiral and chiral contributions to the retention [30] [31] [32] are not differentiated, i.e., the classical van't Hoff approach assuming only one type of interaction sites was used. A more sophisticated interpretation would be based on the discrimination of the contributions of the enantioselective and non-selective sites [28, [30] [31] [32] ; however, this approach has its own limitations.
In this work, we present results obtained on the enantioseparation of N α -Fmoc protected proteinogenic amino acids ( Figure 1 ) on Cinchona alkaloid quinine (QN)-based zwitterionic and weak anion exchanger-type chiral stationary phases ( Figure 2 ) in hydro-organic (HO) and polar-ionic (PI)
mode by HPLC, and by SFC. The influence of mobile phase composition, nature of chiral selector and the effect of temperature on the chromatographic performance and enantioselectivity are described in a comparative fashion. In addition, a detailed study on the effect of additives (water, acids, bases or salts) was undertaken. The elution sequence was determined in all cases, as it reflects the molecular recognition principles.
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Results
Of the nineteen N α -Fmoc proteinogenic amino acids (Figure 1 ), five compounds, FmocAsp(OtBu)-OH, Fmoc-Lys(Boc)-OH, and Fmoc-Leu-OH, and two aromatic side chains containing Fmoc-Phe-OH and Fmoc-Tyr(tBu)-OH), were chosen as model analytes with an overall acidic character to discuss diverse method related effects.
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Effect of Bulk Solvent Composition
As reported previously, the Cinchona alkaloid-based zwitterionic chiral ion-exchangers can be used as enantioselective cation-and anion-exchangers, as well as ampholytic double ion-exchangers in retaining ampholytes via zwitterionic retention mechanisms in polar-ionic mode (PIM) in combination with a mixture of MeOH and MeCN as polar solvents [19, 20] . MeOH may suppress Hbonding interactions, while MeCN may support ionic interactions, but interferes with aromatic (π-π) interactions. or salts) was undertaken. The elution sequence was determined in all cases, as it reflects the molecular recognition principles. 
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Effect of Bulk Solvent Composition
As reported previously, the Cinchona alkaloid-based zwitterionic chiral ion-exchangers can be used as enantioselective cation-and anion-exchangers, as well as ampholytic double ion-exchangers in retaining ampholytes via zwitterionic retention mechanisms in polar-ionic mode (PIM) in combination with a mixture of MeOH and MeCN as polar solvents [19, 20] . MeOH may suppress H-bonding interactions, while MeCN may support ionic interactions, but interferes with aromatic (π-π) interactions.
For investigation of the effects of bulk solvent composition, enantioseparations of the five model compounds were achieved on ZWIX(+)™ in MeOH/MeCN (75/25, 50/50 and 25/75 v/v) mobile phases containing 30 mM TEA and 60 mM FA (Figure 3 ). Applying mobile phases containing MeOH/MeCN, very low k values were obtained: k 1 varied between 0.16 and 0.56, and k 1 increased with increasing MeCN content. The higher content of MeCN supported the ionic interactions, which resulted in longer retention. Due to the N α -Fmoc protection (and Boc protection), the basicity of the amino group(s) is suppressed and therefore a double ion-pairing process with the zwitterionic CSP (as it is the case for free amino acids) is not possible, resulting in rather low retentions. Only an anion exchange retention mechanism is in place. However, at least partial resolutions could be obtained in many cases, while Fmoc-Phe-OH and Fmoc-Tyr(tBu)-OH could be baseline resolved under these conditions. -Fmoc protection (and Boc protection), the basicity of the amino group(s) is suppressed and therefore a double ion-pairing process with the zwitterionic CSP (as it is the case for free amino acids) is not possible, resulting in rather low retentions. Only an anion exchange retention mechanism is in place. However, at least partial resolutions could be obtained in many cases, while Fmoc-Phe-OH and Fmoc-Tyr(tBu)-OH could be baseline resolved under these conditions. To improve the separation performances on ZWIX(+)™, besides MeOH/MeCN as bulk solvent, several PI and HO mobile phase combinations such as MeOH/THF, MeCN/THF, MeOH/MeCN/THF, MeOH/MeCN/H2O, MeCN/H2O and MeOH/H2O all containing an organic acid and a base additive at a ratio of 2:1 were applied. Based on these experiments (data not shown), it can be stated that the presence of H2O in the mobile phase has a slight positive effect on the enantioselectivity, while other mobile phase combinations were found to be insufficient regarding the chiral discrimination. Applying an eluent containing 1-2 v% H2O was advantageous for the enantioseparations, while a further increase of the H2O content resulted in a decrease in the chromatographic parameters. In H2O/MeOH (1/99 v/v) mobile phases containing 30 mM TEA and 60 mM FA, k1 values were slightly higher compared to the results obtained with MeOH/MeCN mobile phases, while α values increased by about 30% and most of the Fmoc-protected amino acids exhibited partial or baseline separation (exceptions were Fmoc-Pro-OH, Fmoc-Thr(tBu)-OH and Fmoc-Tyr(tBu)-OH) ( Table 1 ).
In the case of the studied model compounds, the primary interaction, decisive in regard to retention, is the ionic interaction between the cationic sites of the SO and anionic site of the SA, with additional intermolecular SO-SA interactions responsible for chiral discrimination. Because of the Fmoc-protection, the cationic site of the free amino acid is transferred to a slightly acidic hydrogen donating site shifting the double ion pairing towards a cation exchanger (mono ion pairing) concept. This is the possible reason why the Cinchona alkaloid-based zwitterionic CSP exhibited somewhat In the case of the studied model compounds, the primary interaction, decisive in regard to retention, is the ionic interaction between the cationic sites of the SO and anionic site of the SA, with additional intermolecular SO-SA interactions responsible for chiral discrimination. Because of the Fmoc-protection, the cationic site of the free amino acid is transferred to a slightly acidic hydrogen donating site shifting the double ion pairing towards a cation exchanger (mono ion pairing) concept. This is the possible reason why the Cinchona alkaloid-based zwitterionic CSP exhibited somewhat poor separation ability under PIM or HO mobile phase conditions. The dedicated weak anion-exchanger type CSP, QN-AX ( Figure 2 ) differs structurally from the zwitterionic-based selectors, as it possesses a neutral t-butylcarbamoylated moiety instead of the negatively charged cyclohexylsulfonyl site ( Figure 2) . However, the positively charged site for the anion exchanger remains the same in the selector motifs whereas the ZWIX phases contain the negatively charged site (the sulfonic acid group), which acts repulsive for acidic analytes. Overall, the QN-AX phase is, therefore, better suited for the retention and resolution of acidic (negatively charged) analytes. and R S between 6.2 and 10.0 (data not shown). k 1 , α and R S values slightly decreased with increasing MeCN content in contrast to the values observed on zwitterionic SOs where k 1 , α and R S slightly increased with increasing MeCN content. However, similar behavior was found in the case of the α-amino acids, where higher MeCN content usually leads to decreased enantioselectivity and resolution [35] . k 1 , α and R S values were much higher than the ones obtained on ZWIX(+)™ at HO mobile phase and in all cases baseline separations were observed, R S >> 1.5 (the only exception was Fmoc-Thr(tBu)-OH, Table 1 ).
Effect of Base and Acid Additives
The optimization of the nature and concentration of the various acid and base additives applied in the mobile phase is of importance when applying Cinchona alkaloid-based CSPs. Earlier investigations showed that in anion exchange mode acid additives act as counter-ions, while bases as co-ions [35] [36] [37] ; the co-and counter-ions are able to change the solvation effects of the SO and SA moieties and interaction sites thus influencing also the eluent properties.
Effects of acid and base additives were investigated on ZWIX(+)™ column for all five selected SAs at a mobile phase composition H 2 O/MeOH (1/99 v/v) containing EA, DEA, TEA, PA, TPA, BA or TBA as base, and FA or AcOH as acid keeping the acid-to-base ratio of 2:1. Acid excess in the mobile phase ensured that the bases (amines) were present in their ammonium-ion forms. The amines differed in the degree and nature of their alkyl substitution, while the acids differed by one methyl group. In contrast with the results obtained in PIM for the free α-and β-amino acids where k 1 slightly increased as the degree of ethyl or propyl substitution on the N atom increased [38] [39] [40] , in the present study only slight differences in k 1 can be observed: k 1 varied less than 10% by variation of the nature of amines (data not shown). To simplify the demonstration of these data, Figure 4 depicts the α and R S values on ZWIX(+)™ for Fmoc-Asp(OtBu)-OH, Fmoc-Lys(Boc)-OH and Fmoc-Phe-OH as these results were typical for all the studied SAs. Concerning selectivity, the nature of base additives has only a slight effect on α (Figure 4 ), while for R S TEA seemed to be the most promising base. The nature of acids exerted also some minor effect on the retention and selectivity. Based on these results, most of the experiments were carried out with mobile phases containing TEA as base and FA as acid additives. The optimization of the nature and concentration of the various acid and base additives applied in the mobile phase is of importance when applying Cinchona alkaloid-based CSPs. Earlier investigations showed that in anion exchange mode acid additives act as counter-ions, while bases as co-ions [35] [36] [37] ; the co-and counter-ions are able to change the solvation effects of the SO and SA moieties and interaction sites thus influencing also the eluent properties.
Effects of acid and base additives were investigated on ZWIX(+)™ column for all five selected SAs at a mobile phase composition H2O/MeOH (1/99 v/v) containing EA, DEA, TEA, PA, TPA, BA or TBA as base, and FA or AcOH as acid keeping the acid-to-base ratio of 2:1. Acid excess in the mobile phase ensured that the bases (amines) were present in their ammonium-ion forms. The amines differed in the degree and nature of their alkyl substitution, while the acids differed by one methyl group. In contrast with the results obtained in PIM for the free α-and β-amino acids where k1 slightly increased as the degree of ethyl or propyl substitution on the N atom increased [38] [39] [40] , in the present study only slight differences in k1 can be observed: k1 varied less than 10% by variation of the nature of amines (data not shown). To simplify the demonstration of these data, Figure 4 depicts the α and RS values on ZWIX(+)™ for Fmoc-Asp(OtBu)-OH, Fmoc-Lys(Boc)-OH and Fmoc-Phe-OH as these results were typical for all the studied SAs. Concerning selectivity, the nature of base additives has only a slight effect on α (Figure 4 ), while for RS TEA seemed to be the most promising base. The nature of acids exerted also some minor effect on the retention and selectivity. Based on these results, most of the experiments were carried out with mobile phases containing TEA as base and FA as acid additives. 
Effect of Counter-Ion Content
In the case of acidic SAs, long-range strong electrostatic (ionic) interactions between the anionic sites of the SA and the cationic site of the SO have been detected as primary ones, with additional intermolecular SO-SA interactions responsible for chiral discrimination [19, 20] . The observed effects 
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In the case of acidic SAs, long-range strong electrostatic (ionic) interactions between the anionic sites of the SA and the cationic site of the SO have been detected as primary ones, with additional intermolecular SO-SA interactions responsible for chiral discrimination [19, 20] . The observed effects are in principle in agreement with the earlier explained simple displacement model [41, 42] . Since the cationic site(s) of the SAs is blocked via the Fmoc (Boc) protection groups thus not being able taking part in the ion-pairing process, the deprotonated acid additives in the mobile phase act as counter-ions competing with the deprotonated SAs for the bonding sites of the protonated SOs. Conceptually, the concentrations of the co-and counter-ions should affect the ionic interactions, and retention can be adjusted by the addition of acidic counter-ions. Figure 5 represents the effects of concentration variations of the acidic additives on the retention on ZWIX(+)™ under HO mobile phase conditions. The application of higher counter-ion concentration resulted in lower retention in accordance with the displacement model of Kopaciewicz [41] , where a linear relationship is found between logk 1 and logc counter-ion . According to this model, the slopes of these plots are determined by the ratio of the effective charges of the solute and the counter-ions; the observed slopes around 0.19-0.28 correspond with the values of around 0.18-0.26 found on ZWIX(+)™ for the same SAs at SFC conditions [21] and for β-amino acids in PIM [39, 40] . On the ZWIX(+)™, under the applied conditions, slopes differed only slightly for each enantiomer, whereas the enantioselectivity remained almost constant (data not shown). The application of higher counter-ion concentration resulted in lower retention in accordance with the displacement model of Kopaciewicz [41] , where a linear relationship is found between logk1 and logccounter-ion. According to this model, the slopes of these plots are determined by the ratio of the effective charges of the solute and the counter-ions; the observed slopes around 0.19-0.28 correspond with the values of around 0.18-0.26 found on ZWIX(+)™ for the same SAs at SFC conditions [21] and for β-amino acids in PIM [39, 40] . On the ZWIX(+)™, under the applied conditions, slopes differed only slightly for each enantiomer, whereas the enantioselectivity remained almost constant (data not shown). On QN-AX™ in the mobile phase MeOH/MeCN (75/25 v/v) and varying the concentration of counter-ion FA between 30 and 240 mM (the acid-to-base ratio was kept at 2:1 by addition of TEA), the slopes of the logk1 vs. logc plots on anion-exchange columns were around 0.7 [43] , which were much higher than that obtained for the zwitterionic columns. This result draws attention to the marked difference between zwitterionic SO and SOs containing only the anionic ion-exchange site. As interpretation of this finding one may have to consider also a competitive intramolecular ionpairing effect of the zwitterionic selector motif (see Figure 2) , which significantly influences the overall retention characteristics, and also the observed enantioselectivity. On QN-AX™ in the mobile phase MeOH/MeCN (75/25 v/v) and varying the concentration of counter-ion FA between 30 and 240 mM (the acid-to-base ratio was kept at 2:1 by addition of TEA), the slopes of the logk 1 vs. logc plots on anion-exchange columns were around 0.7 [43] , which were much higher than that obtained for the zwitterionic columns. This result draws attention to the marked difference between zwitterionic SO and SOs containing only the anionic ion-exchange site. As interpretation of this finding one may have to consider also a competitive intramolecular ion-pairing effect of the zwitterionic selector motif (see Figure 2) , which significantly influences the overall retention characteristics, and also the observed enantioselectivity. (Table 1) .
On QN-AX™ in PIM totally different separation performances were registered. The k 1 and α values were much higher (k 1 ranged 1.4-6.8, and α 1.05-2.06). For most of the N α -Fmoc amino acids, R S was higher than 5.0, for Fmoc-Cys(Trt)-OH and Fmoc-Tyr(tBu)-OH the R S was around 2.0 and only Fmoc-Pro-OH and Fmoc-Thr(tBu)-OH exhibited only partial resolution.
In summary, under liquid chromatographic conditions the zwitterionic and anion-exchanger type CSPs exhibited different separation performances for N α -Fmoc AAs. While ZWIX(+)™ exhibited in several cases insufficient separation efficiencies, on the QN-AX™ column almost all N α -Fmoc amino acids could efficiently be separated.
Separation of N α -Protected Amino Acids on Quinine-Based CSPs under SFC Conditions
To compare the LC with the SFC conditions the same four protected amino acids as model compounds were selected for the detailed investigations: Fmoc-Asp(OtBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH and Fmoc-Phe-OH.
Effect of Co-Solvent and Water Content
Since the elution strength of liquid CO 2 is not enough to ensure fast elution and/or efficient separation, generally MeOH in 10-40 v% as co-solvent plus other polar components (water, acid and base) are needed to fulfill the requirements of ion exchange chromatography carried out in SFC mode. When applying MeOH in such a high concentration in liquid CO 2 the mobile phases are present in subcritical rather than supercritical state. Therefore, the term "enhanced fluidity chromatography" may be more appropriate than the general term SFC.
As described earlier, the enantiomers of N α -Fmoc amino acids were successfully separated on Cinchona alkaloid-based zwitterionic ZWIX(+)™ at SFC conditions with exception of Fmoc-Pro-OH [21] . For this study the analytes were chromatographed on the anion-exchanger QN-AX™ using the same conditions. MeOH content in liquid CO 2 was varied from 10 to 40 v%, while the concentrations of the additives in the mobile phase were kept constant (30 mM TEA and 60 mM FA). Figure 6 depicts results obtained for the four selected SAs: k 1 values drastically decreased with increasing MeOH content, especially for Fmoc-Phe-OH and Fmoc-Lys(Boc)-OH. An increase of the MeOH content in the CO 2 weakens strongly the electrostatic but also hydrogen bonding interactions between the SO and the SAs resulting in decreased retention. Further, reaction of MeOH with the pressurized CO 2 at higher MeOH content significantly enhances the formation of the alkyl hydrogencarbonic acid, which may act as an additional acidic displacer (counter-ion), thus further weakening the electrostatic interaction between SAs and SO.
content, especially for Fmoc-Phe-OH and Fmoc-Lys(Boc)-OH. An increase of the MeOH content in the CO2 weakens strongly the electrostatic but also hydrogen bonding interactions between the SO and the SAs resulting in decreased retention. Further, reaction of MeOH with the pressurized CO2 at higher MeOH content significantly enhances the formation of the alkyl hydrogencarbonic acid, which may act as an additional acidic displacer (counter-ion), thus further weakening the electrostatic interaction between SAs and SO. To promote elution of polar compounds and/or improve peak shapes, water is frequently used as modifier in SFC [44] [45] [46] . For investigation of the effect of water content, mobile phases composed of CO2/MeOH/H2O containing 30 mM TEA and 60 mM FA were applied. The amount of CO2 was constant (60 v%), while water was added into the MeOH phase yielding MeOH/H2O ratios: 40/0, 39.6/0.4, 39.2/0.8, 38/2 and 36.8/3.2 (v/v). Thus the total concentration of H2O in the eluent was varied between 0 and 3.2 v%. Results were very similar obtained on ZWIX(+)™ [21] . On increase of the water content, the k1, α and RS values of the selected Fmoc-amino acids slightly decreased (data not shown).
The reaction between pressurized liquid CO2 and water yields carbonic acid which dissociates to hydrogencarbonate (and proton). The hydrogencarbonate can also be considered a displacer and its increasing concentration with increasing H2O content yields a decrease in retention.
Effects of Acid and Base Additives
A small proportion of a polar additive in the mobile phase is frequently suggested [47] [48] [49] [50] to tune the elution of solutes and to improve peak shapes. Moreover, additives may decrease tailing asymmetry especially during the analyses of basic compounds.
For this series of experiments, FA was selected as acid additive, and EA, DEA, TEA, PA and BA as base additives. In SFC mode on ZWIX(+)™, the nature of base exhibited a slight effect on the chromatographic parameters [21] . With a few exceptions, k1 decreased as the degree of alkyl substitution on the N atom increased; moreover, in most cases, k1 also decreased as the alkyl chain length on the amino group increased [21] . To promote elution of polar compounds and/or improve peak shapes, water is frequently used as modifier in SFC [44] [45] [46] . For investigation of the effect of water content, mobile phases composed of CO 2 /MeOH/H 2 O containing 30 mM TEA and 60 mM FA were applied. The amount of CO 2 was constant (60 v%), while water was added into the MeOH phase yielding MeOH/H 2 O ratios: 40/0, 39.6/0.4, 39.2/0.8, 38/2 and 36.8/3.2 (v/v). Thus the total concentration of H 2 O in the eluent was varied between 0 and 3.2 v%. Results were very similar obtained on ZWIX(+)™ [21] . On increase of the water content, the k 1 , α and R S values of the selected Fmoc-amino acids slightly decreased (data not shown). The reaction between pressurized liquid CO 2 and water yields carbonic acid which dissociates to hydrogencarbonate (and proton). The hydrogencarbonate can also be considered a displacer and its increasing concentration with increasing H 2 O content yields a decrease in retention.
For this series of experiments, FA was selected as acid additive, and EA, DEA, TEA, PA and BA as base additives. In SFC mode on ZWIX(+)™, the nature of base exhibited a slight effect on the chromatographic parameters [21] . With a few exceptions, k 1 decreased as the degree of alkyl substitution on the N atom increased; moreover, in most cases, k 1 also decreased as the alkyl chain length on the amino group increased [21] . 
Effects of the Counter-Ion Concentration
As described earlier on the Cinchona alkaloid-based zwitterionic CSPs in PI and HO mobile phases, an ion-pairing (displacement) process between the SO and the SAs dominates the retention in LC, and the displacement model also applies for the SFC mode [21] . To prove that the ion-exchange mechanism also governs retention on a genuine anion-exchanger CSP run under SFC conditions with CO2/MeOH as a bulk solvent, the concentrations of FA and base were varied in the range 15-120 mM, while the acid-to-base ratio (2:1) was maintained constant. Retention decreased with increasing concentration of FA plus base, and a linear relationship between logk1 and logccounter-ion for all the selected SAs was observed (Figure 8) . Thus, the results obtained were in accordance with the displacement model [41, 42] , and it can be stated that ion-exchangers can efficiently be used in SFC mode.
For the studied QN-AX™ column, the linear relationship observed between logk1 and logcFA clearly indicate that, similar to LC conditions in SFC mode, an anion-exchange mechanism is in place. Similar to LC (mentioned before), the enantioselectivity changed only within 1% indicating that the counter-ion itself has almost no effect on the overall selectivity but it has a strong effect on the retention.
The slopes around 0.49-0.58 obtained on the QN-AX™ phase operated in SFC substantially differed from the slopes obtained on zwitterionic CSP (0.18-0.26 [21] ) and are closer to the values of around 0.68-0.72 found for a QN-AX™ in LC mode [43] . The results clearly demonstrate the difference in retention mechanism on zwitterionic and anion-exchanger type CSPs whereby these differences need to be related mainly to the competing intramolecular ion-pairing effect of the SO, 
The slopes around 0.49-0.58 obtained on the QN-AX™ phase operated in SFC substantially differed from the slopes obtained on zwitterionic CSP (0.18-0.26 [21] ) and are closer to the values of around 0.68-0.72 found for a QN-AX™ in LC mode [43] . The results clearly demonstrate the difference in retention mechanism on zwitterionic and anion-exchanger type CSPs whereby these differences need to be related mainly to the competing intramolecular ion-pairing effect of the SO, Fmoc-Phe-OH.
As described earlier on the Cinchona alkaloid-based zwitterionic CSPs in PI and HO mobile phases, an ion-pairing (displacement) process between the SO and the SAs dominates the retention in LC, and the displacement model also applies for the SFC mode [21] . To prove that the ion-exchange mechanism also governs retention on a genuine anion-exchanger CSP run under SFC conditions with CO 2 /MeOH as a bulk solvent, the concentrations of FA and base were varied in the range 15-120 mM, while the acid-to-base ratio (2:1) was maintained constant. Retention decreased with increasing concentration of FA plus base, and a linear relationship between logk 1 and logc counter-ion for all the selected SAs was observed (Figure 8) . Thus, the results obtained were in accordance with the displacement model [41, 42] , and it can be stated that ion-exchangers can efficiently be used in SFC mode.
For the studied QN-AX™ column, the linear relationship observed between logk 1 and logc FA clearly indicate that, similar to LC conditions in SFC mode, an anion-exchange mechanism is in place. Similar to LC (mentioned before), the enantioselectivity changed only within 1% indicating that the counter-ion itself has almost no effect on the overall selectivity but it has a strong effect on the retention. The slopes around 0.49-0.58 obtained on the QN-AX™ phase operated in SFC substantially differed from the slopes obtained on zwitterionic CSP (0.18-0.26 [21] ) and are closer to the values of around 0.68-0.72 found for a QN-AX™ in LC mode [43] . The results clearly demonstrate the difference in retention mechanism on zwitterionic and anion-exchanger type CSPs whereby these differences need to be related mainly to the competing intramolecular ion-pairing effect of the SO, which is also associated with the difference of the ZWIX(+)™ and QN-AX™ selectors (see Figure 2 ). Table 2 provides a comprehensive set of data on the enantioseparation of a variety of N α -Fmoc-protected proteinogenic amino acids on ZWIX(+)™ and QN-AX™ in SFC mode. Despite the higher eluent strength applied (CO 2 /MeOH (60/40 v/v) vs. CO 2 /MeOH (70/30 v/v)), higher k 1 values were detected in all cases on QN-AX™ (exception was Fmoc-Thr(tBu)-OH). On both columns, higher k 1 values were registered for the so-called polar amino acids like Fmoc-Asn-OH and Fmoc-Gln-OH, but also for Fmoc-amino acids containing additional large and/or aromatic protecting groups (tBu, Pbf, and Trt), such as Fmoc-Arg(Pbf)-OH, Fmoc-His(Trt)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Cys(Trt)-OH, and Fmoc-Tyr(tBu)-OH. This also applies for amino acids possessing an aromatic side-chain, i.e., Fmoc-Phe-OH and, especially, Fmoc-Trp-OH. The presence of the additional aromatic Trt group on Cys and His probably contributes to the higher retention. The highest k 1 value of Fmoc-Arg(Pbf)-OH can be attributed to the presence of the additional bulky aromatic protecting group, Pbf on Fmoc-Arg. Interestingly, k 1 decreases in the sequence of increasing hydrophobicity of Fmoc-Ala-OH < Fmoc-Val-OH < Fmoc-Leu-OH < Fmoc-Ile-OH. As a general trend, higher α and R S values were obtained on QN-AX™ than on ZWIX(+)™, but several exceptions were observed (Fmoc-Arg(Pbf)-OH, Fmoc-Trp-OH, Fmoc-Thr(tBu)-OH and Fmoc-Asn-OH). Only the enantiomers of Fmoc-Pro-OH were not separable under these conditions (similarly to LC conditions). In SFC mode both zwitterionic and anion-exchanger type CSPs are suitable for the enantioseparation of N α -Fmoc amino acids. The comparison of separation performances of liquid chromatographic and SFC mode revealed that ZWIX(+)™ possess lower separation ability in liquid chromatographic mode, while QN-AX™ can successfully be applied in both chromatographic mode.
Comparison of Separation Performances of Zwitterionic and Anion-Exchanger Type CSPs Operated in SFC Mode
The Quinine-based columns exhibited a constant elution sequence in both chromatographic modes. D < L elution sequence was observed in all cases. Selected chromatograms are shown as examples in Figure 9 .
In SFC mode both zwitterionic and anion-exchanger type CSPs are suitable for the enantioseparation of N α -Fmoc amino acids. The comparison of separation performances of liquid chromatographic and SFC mode revealed that ZWIX(+)™ possess lower separation ability in liquid chromatographic mode, while QN-AX™ can successfully be applied in both chromatographic mode.
The Quinine-based columns exhibited a constant elution sequence in both chromatographic modes. D < L elution sequence was observed in all cases. Selected chromatograms are shown as examples in Figure 9 . Tables S1 and S2 . The k 1 and α decreased for all cases with increasing temperature, R S in most cases also decreased, but in several cases a maximum value of R S was registered. From the chromatographic data, van't Hoff plots were constructed and the lnα vs. 1/T curves gave linear plots as indicated by the correlation coefficient in the Table 3 . According to the data summarized in Table 3 , the ∆(∆H • ) values were all negative (ranged from −0.8 to −7.5 kJ·mol −1 ) indicating a favorable exothermic process in the course of transfer of analyte from the mobile to the stationary phase. It was generally observed that ∆(∆H • ) values were more negative on both ZWIX(+)™ and QN-AX™ under liquid chromatographic conditions than under SFC conditions (the only exception was Fmoc-Leu-OH).
Under the applied conditions, ∆(∆S • ) ranged from −1.1 to −23.7 J·mol −1 ·K −1 (Table 3) . In most cases, under LC conditions, the ∆(∆S • ) values on ZWIX(+)™ were more negative, while under SFC conditions on QN-AX™ more negative ∆(∆S • ) values were registered.
The most negative ∆(∆G • ) values (calculated at 298 K) were generally obtained on QN-AX™ working either in liquid chromatographic or SFC mode.
In SFC mode, the dead-time of the columns (t 0 ) was determined at a first negative signal by injecting MeOH. All SAs were dissolved in MeOH in the concentration range 0.5-1.0 mg·mL −1 . In both chromatographic systems, SAs were detected by UV absorption at 262 nm.
The Chiralpak ZWIX(+)™ and QN-AX™ columns (150 mm × 3.0 mm I.D., 3-µm particle size) ( Figure 2) were from Chiral Technologies Europe (Illkirch, France).
Conclusions
A comparative study of the resolution of the enantiomers of nineteen N α -Fmoc amino acids on quinine-based zwitterionic and anion exchanger-type CSPs under hydro-organic, polar-ionic and SFC conditions was carried out. Under all the chromatographic conditions applied in this study, retention was found to be primarily based on ionic interactions, whereas additional intermolecular interactions were responsible for chiral discrimination.
Under LC conditions, the zwitterionic CSP exhibited limited enantioseparation performances, however, on the anion-exchanger type CSP, almost all N α -Fmoc amino acids could efficiently be resolved under liquid phase conditions. The nature of base and acid added to the eluent systems had only a slight effect on retention and enantioselectivity, while the effect of the counter-ion could be described by the stoichiometric displacement model.
Under SFC conditions, retention strongly depended on the MeOH content of the mobile phase; an increased MeOH content resulted in reduced retention times. Thus, the SFC conditions became similar to polar ionic combinations. In SFC, similar to the results obtained under LC conditions, the nature of base and acid additives had only moderate effect on the chromatographic behavior. The observed linear relationship between logk 1 and logc FA strongly supports the existence of the ion-exchange mechanism for the studied anion-exchanger type column also in SFC. Both zwitterionic and anion-exchanger type CSPs were found to be suitable for the enantioseparation of N α -Fmoc amino acids in LC and SFC mode.
Elution sequence was determined for all the studied analytes, where a general rule could be observed: D enantiomers eluted before the L ones both in liquid and SFC mode. Based on the results of the thermodynamic calculations, the enantioselective discrimination was found to be enthalpically driven for all the studied analytes.
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